The high-resolution crystal structure of the N-terminal central region of bovine fibrinogen (a 35-kDa E 5 fragment) reveals a remarkable dimeric design. The two halves of the molecule bond together at the center in an extensive molecular ''handshake'' by using both disulfide linkages and noncovalent contacts. On one face of the fragment, the A␣ and B␤ chains from the two monomers form a funnel-shaped domain with an unusual hydrophobic cavity; here, on each of the two outer sides there appears to be a binding site for thrombin. On the opposite face, the N-terminal ␥ chains fold into a separate domain. Despite the chemical identity of the two halves of fibrinogen, an unusual pair of adjacent disulfide bonds locally constrain the two ␥ chains to adopt different conformations. The striking asymmetry of this domain may promote the known supercoiling of the protofibrils in fibrin. This information on the detailed topology of the E 5 fragment permits the construction of a more detailed model than previously possible for the critical trimolecular junction of the protofibril in fibrin. F ibrinogen, the key structural protein in blood clotting, has a unique and complex dimeric structure: the central so-called ''E'' region, critical for fibrin formation, contains a nexus of chains that bond the two identical halves of the molecule together in a small globular region (Fig. 1) . Each monomer of this large (340-kDa) elongated (450-Å-long) molecule consists of three nonidentical chains, A␣, B␤, and ␥, and the N-terminal portions of the six chains are linked together by 11 disulfide bonds at the center. The C termini of each of the three chains also end in globular domains: those of the B␤ and ␥ chains are located at the ends, or D regions, and those of the A␣ chains, the ␣C domains, appear to interact with each other close to the central E region. Except for an extended flexible portion of the ␣C domain, the regions between the globular domains in each half-molecule form ␣-helical coiled-coil structures, so that the E region consists of a globular region with two coiled-coil extensions (for review, see ref. 1).
The high-resolution crystal structure of the N-terminal central region of bovine fibrinogen (a 35-kDa E 5 fragment) reveals a remarkable dimeric design. The two halves of the molecule bond together at the center in an extensive molecular ''handshake'' by using both disulfide linkages and noncovalent contacts. On one face of the fragment, the A␣ and B␤ chains from the two monomers form a funnel-shaped domain with an unusual hydrophobic cavity; here, on each of the two outer sides there appears to be a binding site for thrombin. On the opposite face, the N-terminal ␥ chains fold into a separate domain. Despite the chemical identity of the two halves of fibrinogen, an unusual pair of adjacent disulfide bonds locally constrain the two ␥ chains to adopt different conformations. The striking asymmetry of this domain may promote the known supercoiling of the protofibrils in fibrin. This information on the detailed topology of the E 5 fragment permits the construction of a more detailed model than previously possible for the critical trimolecular junction of the protofibril in fibrin. F ibrinogen, the key structural protein in blood clotting, has a unique and complex dimeric structure: the central so-called ''E'' region, critical for fibrin formation, contains a nexus of chains that bond the two identical halves of the molecule together in a small globular region (Fig. 1) . Each monomer of this large (340-kDa) elongated (450-Å-long) molecule consists of three nonidentical chains, A␣, B␤, and ␥, and the N-terminal portions of the six chains are linked together by 11 disulfide bonds at the center. The C termini of each of the three chains also end in globular domains: those of the B␤ and ␥ chains are located at the ends, or D regions, and those of the A␣ chains, the ␣C domains, appear to interact with each other close to the central E region. Except for an extended flexible portion of the ␣C domain, the regions between the globular domains in each half-molecule form ␣-helical coiled-coil structures, so that the E region consists of a globular region with two coiled-coil extensions (for review, see ref. 1) .
When clotting occurs, thrombin cleaves two pairs of small negatively charged fibrinopeptides from the central E region, and soluble fibrinogen is converted into a relatively insoluble fibrin molecule, which self assembles to form the clot. In this process, the exposed N-terminal ''knobs'' of the ␣ chains in one molecule of fibrin bind to receptor pockets in the terminal ␥C domains of adjacent molecules, leading to the formation of two-stranded half-staggered protofibrils (2, 3) . The N-terminal knobs of the ␤ chains are also exposed, and interactions between these knobs and receptor pockets in the ␤C domains may promote assembly of the protofibrils into fibers (4-6). Moreover, release of the fibrinopeptides by thrombin also appears to result in the dissociation of the ␣C domains from the central E region, and these domains can then promote assembly of protofibrils into fibers (7, 8) . Lateral association of the protofibrils that produce thicker fibers does not appear to be as regular as the association of filaments within the two-stranded protofibril itself (9) , and the specific lateral contacts made are only partially identified (6) . The clot is strengthened by the covalent crosslinking of the end-to-end bonded ␥C domains (and, at a slower rate, of the ␣C domains). The clot is later dissolved by the action of plasmin, which produces various fragments of the molecule, including the D-D dimer and the E fragment.
The central E region has previously been visualized only at very low resolution in electron microscopic (10) (11) (12) (13) (14) or medium resolution by x-ray crystallographic (15, 16) studies of the proteolytically truncated or native molecules. At best, these data limit reliable chain traces to the relatively simple coiled-coil portions of the E region. To visualize the central region of the molecule in atomic detail, we have prepared a 35-kDa E 5 fragment and determined its crystal structure to 1.4-Å resolution (see Methods). The results reveal that this chemical homodimer is conformationally asymmetric and consists of a strongly linked, highly convoluted interface between the two halves; they supplement as well our current picture of the molecular packing in the fibrin clot.
Methods Protein Preparation and Characterization.
A 45-kDa fragment E was purified from a 2-h plasmic digest of bovine fibrinogen, as described previously (17, 18) . This fragment was denoted as E 3 because its N termini (A␣Leu-23 or A␣Gln-27, B␤Lys-61, and ␥ Tyr-1) were equivalent to those reported for the human fibrinogen E 3 fragment (19) . Further digestion of bovine E 3 fragment with chymotrypsin resulted in the appearance of two new discrete fragments with molecular masses of 40 and 35 kDa, denoted as E 4 and E 5 , respectively (Fig. 1d) . The complete amino acid sequence of bovine E 5 was determined (Fig. 1c) , and a comparison of this sequence with that of human fibrinogen E 3 reveals that the generation of E 5 is due to the removal of the N-terminal residues 23-28 from the A␣ chain and several residues from the C termini of the B␤ and ␥ chains. The substantial decrease in the molecular mass as E 3 is degraded to E 5 can be attributed mainly to the stepwise removal of the carbohydrates linked to Asn-52 of each ␥ chain.
Crystallization and Structure Determination. E 5 was crystallized in two space groups: P2 1 (a ϭ 49.4 Å, b ϭ 66.2 Å, c ϭ 50.7 Å, ␤ ϭ 106.6°) and P2 1 2 1 2 1 (a ϭ 53.4 Å, b ϭ 58.8 Å, c ϭ 96.8 Å). To ensure that the E 5 fragment was not modified during crystallization, several (washed) crystals were analyzed: the N termini in the crystals were the same as in the starting material, and no free sulfhydryls were detected. By using x-ray diffraction data collected both on an R-AXIS IV detector system mounted on a Rigaku (Tokyo) x-ray generator and at synchrotron facilities (Table 1) , the structure of the orthorhombic crystal form was solved (to 1.6-Å resolution) by a combination of single isomorphous replacement (using a trimethyllead-acetate derivative) and density modification. In this process, the ␣-helices of the coiled-coil regions were first identified in the electron density maps; their structures were subsequently used to obtain calculated phases that, when combined with the experimental data, led to completing the chain traces for the less regular central two domains of the fragment. Using this model, phases for the monoclinic crystal form were determined by molecular replacement, and the structure was refined to 1.4-Å resolution. The structure of E 5 is very similar in the two space groups, except for small differences in the coiled-coil domain (see below). The N-terminal residues A␣29-34, B␤61-63, and ␥1 and the C-terminal residues A␣79-81 and B␤115-116 were disordered in both halves of the molecule in each of the two crystal forms. Refinement statistics are found in Table 2 . Additional protein preparation, purification, and crystallographic methods are published as supporting information on the PNAS web site (www. pnas.org).
Results
Overall Domain Structure. The dimeric rod-shaped E 5 fragment may be divided into four closely interacting but distinct domains (Fig. 2) , two of which are ␣-helical coiled-coil segments that extend along the long axis of the fragment. The N-terminal ends of the two coiled coils can be seen in the high-resolution E 5 structure to be separated at the center by only 7 Å; the precise N-terminal residues of these coiled coils are A␣Ser-50, B␤Thr-85, and ␥Thr-21. Here, the three chains within each monomer can be seen to be covalently linked by the previously predicted ring of three disulfide bonds, A␣48-␥23, ␥19-B␤87, and B␤83-A␣52 (16, (20) (21) (22) (Fig. 3) . The remaining N-terminal portions of all six chains are located for the most part surrounding, rather than between, the coiled coils (15) and form two additional domains in the central part of E 5 . In contrast to the coiled-coil domains, each of these two central domains includes chains from both monomers. The N-terminal portions of the A␣ and B␤ chains in these monomers are located approximately on one face of the molecule ("up" in Figs. 2 and 3a) , where together they form the rims and the walls of a funnel-shaped domain (Fig. 4) , which is centered on the molecule's 2-fold axis. The N-terminal portions of both ␥ chains are located on the opposite face ("down" in Figs. 2 and 3a) , where they form a distinct region that we call the ''␥N domain.'' Four of the five disulfide bonds in these two central domains (Fig. 3a) previously predicted to connect the two halves of the molecule (16, 21, 23) are clearly seen in the E 5 electron density maps. These are A␣39-B␤Ј72 and A␣Ј39-B␤72 in the funnelshaped domain and ␥8-␥Ј9 and ␥Ј8-␥9 in the ␥N domain.** [The N-terminal residues Ser-29-Thr-34 of both A␣ chains, however, are disordered, and consequently the bond between A␣Cys-31 and A␣ЈCys-31 is not seen, although it is present in the crystals (see Methods)]. Numerous apolar and ionic contacts are made between the two coiled-coil domains and the funnel-shaped and ␥N-domains (as described in supporting information, www.pnas.org), consistent with the early prediction of strong interdomainal interactions within the E fragment from scanning calorimetry studies (17) . Nevertheless, the disulfide bonds of the E 5 fragment are either completely intradomainal (i.e., those that connect the two molecular halves in the funnel-shaped or ␥N domains) or provide a stabilizing cap for the N termini of the coiled coils; this arrangement of covalent linkages is in agreement with the picture that the structure consists of four independently folded domains.
The Coiled-Coil Domains of E5. The ␣-helical coiled-coil domains of E 5 , consisting of residues A␣50-78, B␤85-114, and ␥21-48, have two noncanonical structural features. The sequences of coiled coils are characterized by their so-called ''heptad repeat,'' where every third then fourth residue is usually apolar and close-packed in the core (24) (for review, see ref. 25 ). In the E 5 fragment, there is one three-residue deletion from the heptad repeat of each chain, located at homologous positions (A␣65, B␤100, and ␥36) midway along the coiled-coil domain (Fig. 1c ). These deletions, or ''stutters,'' result in local non-close-packed cores as found in certain other coiled coils (26, 27) . In addition, there is a proline residue in this stutter region of the B␤ chains at position 99 (Fig.  2) . The location of this residue coincides with a bend in the B␤-chain helix. The degree of bending varies (between Ϸ12 and 18°) in the two halves of the dimer and in the two crystal forms. The stutter and the proline residue are conserved among a number of vertebrate species, suggesting that these features, which promote flexibility, may be related to the functions of fibrinogen.
The Six Chains in the Central Region Produce a Highly Convoluted
Dimeric Interface. As seen in the crystal structure of fragment E 5 , the N-terminal portions of the A␣ (residues 35-49) and B␤ (residues 64-84) chains from each subunit have distinct structural roles in the formation of the funnel-shaped domain. These segments of the A␣ chains are located on the exterior of this domain perpendicular to the long axis of the molecule (Figs. 3a and 4). The most N-terminal residues of the A␣ chains, Gly-35 and Trp-36, form part of the rim of the domain. The two chains diverge from one another (from residues 36 to 41) and subsequently converge (residues 43 to 49), so that they wrap around the B␤ chains.
In contrast to the A␣ chains, the B␤ chains in the funnelshaped domain extend along the long axis of the molecule and interact extensively with both coiled-coil domains (Figs. 2 and 4). The most N-terminal residues of the B␤ chains, 64-69, are in extended conformations and form the remainder of the central cavity's rim. Residues 70-84 of each B␤ chain form a relatively long loop containing a two-stranded antiparallel ␤-sheet. Residues 78 and 79, near the reverse turn of this loop, interact with the coiled-coil domain of the opposite monomer. One face of each loop is disulfide linked to the A␣ chain portion of this domain, whereas the opposite face forms a major portion of the cavity's concave surface. This surface is unusual in being dominated by uncharged and hydrophobic amino acid side chains.
Each of the two ␥ chains in the ␥N-domain (residues 1-20), like the B␤ chains of the funnel-shaped domain, also contribute to the formation of a convoluted dimeric interface (Fig. 2) . Following residues 4-7, which form short helices, and the disulfide-forming cysteines at positions 8 and 9, residues 10-16 of each ␥ chain also form a loop that interacts with the opposite subunit's coiled coil. Residues ␥17-21 and ␥Ј17-21 then fold back toward their respective coiled-coil domains, crisscrossing en route at residues ␥19 and ␥Ј19, which are part of a short antiparallel ␤-sheet and are located just below the funnel-shaped cavity described above.
The four loops formed by the B␤ and ␥ chains may be pictured as ''fingers'' that grasp each other and the coiled-coil domains in a firm ''handshake'' between the two half-molecules (Fig. 5) . Such an intertwined structure yields a very large Ϸ2,500-Å 2 contact area between the two halves of the E 5 fragment (see Methods), which is greater than that found in many conventional protein dimers (28) . It is apparent that the extensive interactions among the chains produce an exceptionally tight binding between the two molecular halves. In fact, the intertwined conformation of E 5 is reminiscent of ''3-D domain-swapped'' dimers described by Eisenberg and colleagues (for review, see ref. 29) , where two or more protein chains exchange identical elements **Note that the prime (Ј) in this manuscript is used exclusively to distinguish one half of the dimeric molecule from the other half; this same notation is also used elsewhere in the fibrinogen literature to refer to the alternatively spliced C terminus of the ␥ chain. *Rfactor ϭ ͚hkl ͉ ͉ Fobs ͉ Ϫ ͉ Fcalc ͉ ͉͚͞hkl ͉ Fobs ͉; where Fcalc and Fobs are respectively, the calculated and observed structure factor amplitudes for reflections hkl included in the refinement. cutoff ϭ 0. † Rfree is the same as Rfactor but calculated over a randomly selected fraction (5%) of the reflection data not included in the refinement.
to form a strongly bound oligomer. These many linkages would be expected to hold the two fibrinogen monomers together even without the intersubunit disulfide bonds.
Fibrinogen Is a Conformational Heterodimer. One of the striking features of the E 5 structure is that only part of the dimeric interface is symmetric. Residues 1-14 of the ␥ and ␥Ј chains are for the most part positioned to the side of the 2-fold axis of the molecule (Fig. 3a) . Moreover, this portion of the ␥N domain is itself asymmetric, because the two chemically identical polypeptide segments adopt different conformations. This unusual feature is caused by the two reciprocal disulfide bonds between residues 8 and 9 of the ␥ and ␥Ј chains, which, as determined previously (30) , locally orient these chains in an antiparallel manner. This design can be accounted for by recognizing that when two antiparallel ␤-strands are related by a 2-fold symmetric axis (as are residues ␥18-20 and ␥Ј18-20; see Fig. 3c ), the side chains directly across from each other that are closest to the axis (such as ␥19 and ␥Ј19) must be the same. This type of register cannot occur in the N-terminal part of the ␥N domain, however, where residue 8 from one ␥ chain is covalently linked to residue 9 on the other (Fig. 3d) . In this arrangement, the main-chain carbonyl oxygen of residue ␥8 forms a hydrogen bond with the main-chain nitrogen of ␥Ј9, but the main-chain carbonyl of ␥Ј8 points away from the opposite subunit and forms a hydrogen bond with ␥Ј11, resulting in markedly different conformations includes residues ␥15-21 and ␥Ј19 -21, as well as residues B␤87 and B␤Ј87, to which the ␥ and ␥Ј chains, respectively, are disulfide linked; also shown is the corresponding 1.6-Å-resolution electron density map produced by using 2F o Ϫ F c coefficients and phases calculated from an E5 model omitting these residues. High resolution is required to distinguish the closely interacting halves of the fragment. c shows the short antiparallel ␤-sheet in this region; this structure is compatible with the 2-fold axis of the dimer (oval symbol), because identical residues (␥19 and ␥Ј19) in the sheet are located directly opposite each other. Note, for example, the identical chemical environments of the carbonyl oxygens of residues ␥19 and ␥Ј19. (The side chains of residues ␥18 and ␥Ј18 are omitted for clarity.) (d) Atomic model of the disulfide bonds in the N-terminal portion of the ␥N domain, which locally orient the two ␥ chains in an antiparallel but asymmetric manner. The covalent linkage of residue 8 from one chain with residue 9 of the other prevents the register between the chains necessary for 2-fold symmetry. As a result, the hydrogen-bonding pattern is different for the two chains. Note here the different chemical environments of the carbonyl oxygens of residues ␥8 and ␥Ј8. The conformations of the N-terminal 14 residues of the two ␥ chains differ from one another. for the N-terminal 14 residues of the two chains (Fig. 3a) . Moreover, this region contacts the stutter segment of the coiled-coil domain, which can bend differently in the two halves of the molecule. This heterodimeric structure of the E region reveals that fibrinogen, in a formal sense, is a polar molecule with respect to its long axis. This asymmetry may be significant for the formation of twisted protofibrils and fibers in fibrin (see below).
Discussion
Comparison to Previous Structures. The crystallographic analyses of fibrinogen and its fragments have been pursued for a number of decades, but only in the past 5 years have atomic or nearatomic resolution results been achieved. The resolution of the E 5 fragment crystal structure, at 1.4 Å, is the highest of any portion of fibrinogen or fibrin determined to date. Previously, structures of C-terminal fragments have also been determined to fairly high resolution (2.1-2.9 Å): these include the human ␥C domain (31) and fragments D and D-D (32-34). These results were critical for phasing the medium-to low-resolution data (4.0 and 5.5 Å) obtained, respectively, from crystals of the proteolytically truncated bovine (15) and intact chicken (16) fibrinogen molecules. Chain traces for the E region were also reported in the chicken fibrinogen molecule, but the conformations of the noncoiled-coil domains are significantly different from that of the bovine E 5 fragment described here. We believe that these discrepancies, especially in the highly conserved ␥N chains, arise from the overinterpretation of the 5.5-Å resolution map of chicken fibrinogen.
Central Role for the E Region in Fibrin. The structure of the E 5 fragment of bovine fibrinogen provides information on the binding site for thrombin and the topology of the fibrin clot. The removal of A␣-chain fibrinopeptides A in fibrinogen by thrombin creates the N-terminal ␣ knobs, consisting of gly-pro-arg (GPR) residues at positions 19-21 of the ␣ chains, that fit into receptor pockets in the C-terminal ␥ domains during self assembly. Similarly, removal of B␤-chain fibrinopeptides B creates the gly-his-arg (GHR) ␤ knobs at positions 15-17 that appear to fit into pockets in the C-terminal ␤ domains (see ref. 6 ). These residues, however, as well as additional parts of the native E region implicated in binding to thrombin [i.e., B␤22-49 (35)], have been removed in the preparation of the E 5 fragment (see Methods and Fig. 1 ). Nevertheless, because much of the central region has now been traced, we can locate the significant remaining portion of the thrombin-binding site; we can also estimate the general locations of the thrombin-exposed polymerization knobs more closely than previously (15) and thus improve the current model of the molecular packing in fibrin.
The Thrombin-Binding Sites in E5 Are Located on the Funnel-Shaped Domain. Results from various studies on native and abnormal human fibrinogens indicate that the chain segments present in the E 5 fragment implicated in the binding of thrombin include (in bovine numbering) A␣38-46 (35, 36) and B␤75 (37) . In each half of the E 5 structure, these residues are located on the outer wall of the funnel-shaped domain and are positioned adjacent to one another, as one would expect for a composite binding site. Of the five surface-oriented residues in this A␣-chain segment (at positions 38, 40, 41, 42, and 45), Phe-38 may be of special note: this residue is closest to the rim of the funnel (in the presumed direction of the A␣ knobs; see below), is the only apolar side chain (and is highly solvent accessible in E 5 ), and is nearest Ala-75 of the B␤ chain. The binding site for thrombin does not appear to extend beyond B␤75 (to the portion of the B␤ chain near the coiled-coil domains), because site-directed mutagenesis studies show that substitutions of Pro-77 and Leu-79 do not affect the kinetics of fibrinopeptide release by thrombin (38) . The dimeric E 5 structure also shows that the two composite thrombin-binding sites on the two molecular halves are well separated, by Ϸ35 Å, on opposite sides of the funnel-shaped domain (Fig. 4) , such that two thrombin molecules can be accommodated simultaneously, in agreement with the measured stoichiometry (39).
The Locations and Functions of the Central Domains in the Protofibril
of Fibrin. The two-stranded protofibril of fibrin formed after reaction with thrombin can now be modeled by taking into account the domain structure of E 5 (Fig. 6) . In E 5 , residues A␣35 and A␣Ј35 (the most N-terminal residues traced) are located within 21 Å of each other, and weaker electron density seen in the bovine fibrinogen map (15) suggests that the disulfide bond between residues A␣31 and A␣Ј31 is positioned above the funnel-shaped cavity nearly coinciding with the 2-fold axis of the dimer (dotted lines in Fig. 3a) . The two A␣GPR knobs (only 10-12 residues away along the sequence at positions 19-21) are thus constrained to be located roughly on the same side of the molecule as the funnel-shaped domain. In a closed halfstaggered protofibril of fibrin, we therefore expect that this domain of the E region from one filament would face the two closely situated ␥-domain receptor pockets for these knobs on the adjacent filament (Fig. 6a) . The E 5 structure also indicates that the ␥N domain would be situated on the exterior side of the two-stranded protofibril and thus be positioned so that it might influence associations between protofibrils (see below).
Implications of ␥N-Domain Asymmetry. The unusual structure of this ␥N domain illustrates the special role of a dimeric interface in protein folding and suggests how certain topological features of the fibrin fiber may be generated. Identical polypeptide chains generally fold into identical conformations. When two such chains are in a dimer, however, the interactions at their interface may have important conformational effects (40) . Two of the most common dimerization motifs found in proteins-the antiparallel ␤-sheet and the parallel ␣-helical coiled-coil-generally form symmetrical structures with identically folded halves. It has recently been shown, however, that core alanines in the tropomyosin coiled coil disrupt the in-register symmetrical alignment of the chemically identical ␣-helices (41). In fragment E 5 , we now see how certain covalent disulfide bridges break the symmetry between two chemically identical antiparallel ␤-strand-like chains and, together with a number of noncovalent interactions, produce a compact asymmetric domain at the center of the molecule (see Results).
A functional role for the ␥N domain has not yet been established. Nevertheless, the asymmetry of this domain, which contacts the coiled-coil domains, may play a role in fibrin assembly. Molecules, protofibrils, and fibers of fibrin appear to display twisted conformations (9, 13, 42) , and this asymmetry may be one feature that gives rise to the twisting. Moreover, the (probable) location of such a symmetry-breaking domain on the outside of the two-stranded protofibril (described above) may affect the uniformity of fibrin packing. It does not appear that the asymmetry would be propagated all the way to the positions of the ␣ and ␤ knobs, and the most direct implication of the location of the ␥N domain is that it should have little influence on the formation of individual protofibrils. If this were indeed the case, then successive fibrin molecules along the protofibril would not be arranged in a regular way with respect to this asymmetry (i.e., for some molecules ␥ would be situated to the ''left'' and ␥Ј to the ''right;'' for other molecules, the polarity could be reversed), and the exterior surfaces of any two extended protofibrils would generally differ (Fig. 6b) . In this way, the asymmetry in the ␥N domain could contribute to disorder seen in the side-to-side packing between protofibrils (9, 43), depending on the actual contacts this domain may make.
Tying up Loose Ends. With the crystallographic analysis of E 5 in hand, the conformation of the entire ''backbone'' of the fibrinogen molecule has now been reliably described. However, the precise locations and structures of those residues that extend away from the molecule's long axis, including the ␣C domains and the N-terminal residues of the A␣ and B␤ chains adjacent to the funnel-shaped domain, have yet to be determined; these segments have either been excised or are relatively disordered in the various crystallographic studies. Moreover, the function of the unusual largely apolar cavity in the funnel-shaped domain of E 5 is unknown, but this region may turn out to interact with the adjacent N-terminal A␣-and͞or B␤-chain segments. The ␣C domains [poorly visualized in the native chicken fibrinogen structure (16) ] appear to associate with each other to form a dimeric domain that is also located near the center of the E region in fibrinogen (7, 11, 12) , but this binding appears to be most strongly mediated by the B␤-chain segment that is released on thrombin cleavage (8) . Knowledge of the functions of the apolar cavity thus awaits further studies and may require, for example, a high-resolution structure of a more complete E region fragment of fibrinogen. Even more revealing would be the structure of the trimeric DDE complex isolated from the fibrin clot. Knowledge of the detailed interactions in this complex will also test the basic protofibrillar model, including the relative orientations and possible functional roles of all four domains described here for E 5 . 
Materials and Methods
Preparation and Characterization of Bovine Fibrinogen E 5 Fragment. A 45-kDa fragment E was purified from a 2-h plasmic digest of bovine fibrinogen as described (1, 2) . This fragment was denoted as E 3 because its NH 2 termini (AαLeu-23 or Gln-27, BβLys-61 and γTyr-1) determined by NH 2 -terminal sequence analysis by using a Hewlett--Packard G1000S sequenator were equivalent to those reported for human fibrinogen E 3 fragment (3). Further digestion of bovine E 3 fragment with chymotrypsin (Calbiochem) resulted in the appearance of two new discrete fragments with molecular masses of 40 and 35 kDa, denoted as E 4 and E 5 , respectively (Fig. 1d) . This digestion was performed at room temperature in 20 mM Tris buffer, pH 7.4/0.15 M NaCl. The protein concentration was 2 mg/ml and the enzyme/substrate ratio was 1:100 (wt/wt). The E 5 fragment was purified from a 10-h digest by size-exclusion chromatography by using a 2.5 × 110-cm column with Biogel P60, dialyzed against 25 mM imidazole buffer, pH 6.5, concentrated to 15-20 mg/ml by ultrafiltration by using YM 10 membrane (Amicon), and stored at −20°C.
The NH 2 -terminal sequence analysis of E 5 revealed that the NH 2 termini of its Bβ and γ chains were essentially the same as in E 3 , whereas those for the Aα chains starting at Ser-29 were different. To determine the complete sequence of E 5 , this fragment was reduced and derivatized by the method described earlier (4), the chains were separated by HPLC on a reverse-phase Nucleosil C-18 column, and individual chains were digested with trypsin, endopeptidase Lys-C, or CNBr. The resulting peptides were purified by HPLC and sequenced through the end. The complete sequence of E 5 is presented in Fig. 1c . Comparison of its NH 2 and COOH termini with those established for the human fibrinogen E 3 fragment (3) revealed that the generation of E 5 is due to the removal of NH 2 -terminal residues 23-28 from the Aα chain and several residues from the COOH termini of the Bβ and γ chains. A substantial decrease in the molecular mass of the E 5 fragment can be explained by the removal of two carbohydrates linked to Asn-52 of each γ chain; the intermediate E 4 fragment contains, most probably, one carbohydrate, whereas the other one is removed.
Crystallization. Crystals of the E 5 fragment were grown by the vapor-diffusion method in hanging or sitting drops. Drops containing 2-3 µl of protein (at 10 mg/ml) and the same volume of well solution [15.0% polyethylene glycol (PEG) 3350/150 mM CaCl 2 /3.5% dioxane/3mM NaN 3, in 20 mM Tris•HCl, pH 8.0] were mixed and equilibrated against 0.5 ml of the reservoir well solution. Two crystal forms of different morphologies grew at room temperature in 2-4 days in these conditions. Bipyramidal-shaped crystals grew to a size of ~0.2 mm × 0.3 mm × 0.6 mm and belong to the orthorhombic space group P2 1 The orthorhombic crystals were used for the search of heavy atom derivatives, as they usually grew faster and bigger and were easier to handle than the monoclinic crystals. After the screening of a number of different heavy atom compounds, a trimethylleadacetate [Pb(CH 3 ) 3 OAc] derivative was obtained. The heavy atom compound was dissolved to a final concentration of 23 mM in the cryoprotectant solution that did not contain NaN 3 . Crystals were transferred into the cryoprotectant solution, soaked with the heavy atom compound for 4 weeks, and then flash-cooled in liquid propane and stored in liquid nitrogen.
Biochemical Characterization of Crystals of the E 5 Fragment. To ensure that the E 5 fragment was not modified on crystallization, several crystals were briefly washed in the well solution and dissolved in 20 mM Tris buffer, pH 8.5, sequenced, and tested for the presence of free sulfhydryls. The NH 2 -terminal sequence analysis confirmed that the NH 2 termini of E 5 from the crystals were the same as in the starting material. A test for the presence of free sulfhydryls was performed as described earlier (5) . Briefly, the fragment at 1 µM was mixed with 50 µM pyrene-maleimide, a specific reagent for SH groups, and the fluorescence signal was monitored in time at 395 nm in an SLM 8000-C fluorometer. No changes in fluorescence were observed in 30 min, during which the fluorescence of the control protein containing a single SH group changed substantially, indicating no free SH groups in the crystal-derived E 5 fragment.
Data Collection and Processing. All data sets were collected at cryotemperature (100 K). In-house diffraction data were collected on the Rigaku (Tokyo) RAXIS-IV image plate detector mounted on the Rigaku RU300B rotating anode X-ray generator (CuKα radiation). Higher resolution data sets were collected on beamline X26C at the National Synchrotron Light Source, Brookhaven National Laboratory, New York, and on beamline A1 at the Cornell High Energy Synchrotron Source in Ithaca, NY. Data collection statistics are summarized in Table 1 . Data reduction and processing were carried out with the set of programs HKL (6) .
Model Building and Refinement. The structure was determined first at 3.0-Å resolution with the data from the orthorhombic crystals by using a combination of Single Isomorphous Replacement and density modification with the program DM (7) from the CCP4 suite (8) . By using the program SOLVE (9) , three substitution sites for the Pb(CH 3 ) 3 OAc derivative were found independently from the data sets collected in the laboratory and at the synchrotron (see Table 1 ). Refinement of the heavy atom positions, by using the program MLPHARE from the CCP4 program suite (8) , however, produced different heavy atom occupancy values for the two sets of data. As a result, we found that the best quality electron density map could be obtained after combining phases from both sets of data by using the program MLPHARE, followed by density modification with the program DM (final figure of merit 0.72). This map clearly revealed the positions of the six α-helices of the coiled-coil regions in each half-molecule. The helices were first modeled as poly-Ala by using the program O (10), and their positions were refined with the program package CNS (11) . The quality of the electron density map was further improved with the program SIGMAA (12) by combining heavy atom derivative phases with those from the partial helical model and extending the data used to the 1.6-Å resolution limit of the native orthorhombic crystals. At this stage of the refinement, the side chains were assigned in the coiled-coil regions of the model. Multiple cycles of model building (by using the program O) and refinement (by using the program CNS) within the non-coiledcoil central region of the fragment were necessary to complete the model of the E 5 fragment. In the orthorhombic crystal form, the N-terminal residues Aα29-34, Aα′29-34, Bβ61-63, Bβ′61-63, γ1, and γ′1, and the C-terminal residues Aα79-81, Aα′79-81, Bβ115-116, Bβ′115-116, and (in one monomer only) γ48 were disordered and not included in the final model. By using this model, phases for the monoclinic crystal form were determined by molecular replacement by using the program AMORE (13) . The structure was refined to 1.4 Å, initially by using ARP (14) and then CNS. Here, the N-terminal Aα29-34, Aα′29-34, Bβ61-63, Bβ′61-63, γ1-4, and γ′1, and the C-terminal residues Aα78-81, Aα′78-81, Bβ115-116, and Bβ′114 were disordered and not included in the final model. Refinement statistics are summarized in Table 2 .
The figures were made with the programs MOLSCRIPT (15) , RASTER3D (16, 17) , GRASP (18) , XTALVIEW (19) , and MOLE (Applied Thermodynamics, Hunt Valley, MD).
The Coiled-Coil Domains of E 5 (Expanded). The α-helical coiled-coil domains of E 5 , consisting of residues Aα50-78, Bβ85-114, and γ21-48, have two noncanonical structural features. The sequences of coiled coils are characterized by their so-called "heptad repeat," where every third then fourth residue is usually apolar and close-packed in the core (20) ; (for review, see ref. 21 ). In the E 5 fragment, there is one three-residue deletion from the heptad repeat of each chain, located roughly at homologous positions (Aα65, Bβ100, and γ36) midway along the coiled-coil domain (Fig. 1 ). These deletions, or "stutters," result in local non-close-packed cores as found in certain other coiled coils (22, 23) . In the homotrimeric coiled coil of hemagglutinin (24) , similar stutters and non-closepacked cores have been described (22, 23) . The conservation of the stutter in the three chains of fibrinogen, along with other sequence similarities, is consistent with the evolution of at least part of the molecule from a homotrimeric precursor (25) . In addition, there is a proline residue in this stutter region of the Bβ chains at position 99 (Fig. 2) . The location of this residue coincides with a bend in the Bβ-chain helix. The degree of bending varies (between ~12 and 18°) in the two halves of the dimer and in the two crystal forms. The stutter and the proline residue are conserved among a number of vertebrate species, suggesting that these features that promote flexibility may be related to the functions of fibrinogen.
Detailed Description of the Structures of the Six Chains in the Two Central Domains of Fragment E 5 (Expanded).
As seen in the crystal structure of fragment E 5 , the N-terminal portions of the Aα (residues 35-49) and Bβ (residues 64-84) chains from each half-molecule (or "monomer") have distinct structural roles in the formation of the funnel-shaped domain. The segments of the Aα chains are located almost entirely within the central plane that bisects the long axis of the molecule (Fig. 4) . The most N-terminal residues of the Aα chains, Gly-35 and Trp-36, form part of the rim of the funnel-shaped domain. The two chains diverge from one another (from residues 36 to 41) and then converge in a partially helical (residues 43 to 47) and partially extended (residues 48 and 49) conformation, so that they wrap around the Bβ chains.
In contrast to the Aα chains, the Bβ chains in the funnel-shaped domain extend along the long axis of the molecule and interact extensively with the coiled-coil domains. The most N-terminal residues of the Bβ chains, 64-69, are in extended conformations and form the remainder of the central cavity's rim. Residues 64 and 68 of each of the Bβ chains are also stabilized by salt bridges to their respective monomers' coiled-coil domains at residues Aα60 and Aα53. Residues 70-84 of each Bβ chain form a relatively long loop, in which residues 70-73 and 80-83 form a two-stranded antiparallel β-sheet. This loop extends toward the coiled-coil domain of the opposite half-molecule: Bβ Leu-79 near the reverse turn forms hydrophobic contacts with Aα′Met54, Aα′Leu57, and γ′Ala26 of the opposite (denoted by ′) monomer's coiled-coil domain, and BβAsp-78 forms a salt bridge with Bβ′Arg-64 (the reciprocal contacts occur as well). One face of each loop forms a major portion of the cavity's internal surface (or walls), whereas BβCys-72 on the opposite face of the loop is disulfide linked to Cys-39 of the Aα chain portion of this domain. The cavity's surface in this domain is unusual in being dominated by uncharged and hydrophobic amino acid side chains (Fig. 8) .
Each of the two γ chains in the γN-domain (residues [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , like the Bβ chains of the funnel-shaped domain, also contribute to the formation of a convoluted dimeric interface (Fig. 2) . Following residues 4-7, which form short helices, and the disulfide-forming cysteines at positions 8 and 9, residues 10-16 of each γ chain form a loop that, like the longer loops of the Bβ chains, extends toward and interacts with the opposite monomer's coiled coil. Here, γArg-14 forms a salt bridge with Bβ′Glu-97, and γPhe-15 makes hydrophobic contacts with γ′Phe-28, Bβ′Leu-93, and Bβ′Val-94. Residues γ17-21 and γ′17-21 then fold back toward their respective coiled-coil domains, crisscrossing en route at residues γ19 and γ′19, which participate in a short antiparallel β-sheet and form the floor of the funnel-shaped cavity described above. The positions of the N-terminal 14 residues of the γ and γ′ chains are significantly different from one another (Fig. 7) ; this asymmetry in the γN domain is stabilized by the disulfide bonds between residues 8 and 9 (Fig. 3d) .
The Locations and Functions of the Central Domains in the Protofibril of Fibrin (Expanded).
The two-stranded protofibril of fibrin formed after reaction with thrombin can now be modeled by taking into account the domain structure of E 5 (Fig. 6) . In E 5 , residues Aα35 and Aα′35 (the most N-terminal residues traced) are located within 21 Å of each other, and weaker electron density seen in the bovine fibrinogen map (26) suggests that the disulfide bond between residues Aα31 and Aα′31 is positioned above the funnel-shaped cavity nearly coinciding with the 2-fold axis of the dimer (dashed lines in Fig. 3a) . The two Aα GPR knobs (only 10-12 residues away along the sequence at positions [19] [20] [21] are thus constrained to be located roughly on the same side of the molecule as the funnel-shaped domain. In a closed half-staggered protofibril of fibrin, we therefore expect that this domain of the E region from one filament would face the two closely situated γ-domain receptor pockets for these knobs on the adjacent filament (Fig.  6a). [Residues Bβ64 and Bβ′64 of E 5 (the most N-terminal residues observed for these chains) are located ~35 Å from each other on opposite sides of the funnel-shaped domain, displaced from one another along the long axis of the molecule (Fig. 4) ]. Given the current (incomplete) packing models of fibrin, the positions of these Bβ residues are consistent with the binding of the β knobs [each located ~50 residues away along the sequence) to βC-domain receptor pockets within (27) and/or between (28, 29) protofibrils.] The E 5 structure also indicates that the γN domain would be situated on the exterior side of the two-stranded protofibril and thus be positioned for possibly influencing associations between protofibrils. [Such interactions using the γN domain, however, have not yet been reported (27) ].
